Nanostructured Ni thin films, with high porosity, are fabricated by DC sputtering on an anodic aluminum oxide template as an active anode for low-temperature solid oxide fuel cells with a target operating temperature of 500 C. To maximize the electrode performance, we control their effective electrical conductivity and microstructure by varying the sputtering parameters (e.g., the deposition pressure and time) and investigate the gas permeability, sinterability, as well as the ohmic and polarization resistances by a range of analysis techniques, in this case SEM, TEM, mass spectrometry, the four-point probe method and AC impedance spectroscopy. We observe that the thicker the Ni film, the higher the effective electrical conductivity and the lower the sheet resistance, while the thinner the film, the better the gas permeability and electrochemical activity for H 2 electro-oxidation. These tradeoffs are quantitatively computed for cell dimensions and area specific resistances, thus suggesting an optimal design for affordable and high-performance electrodes.
Introduction
Solid oxide fuel cells (SOFCs) are a promising electrochemical device to produce electricity directly from chemical fuels due to their high conversion efficiency, wide range of fuel exibility, and low emissions. Furthermore, in contrast to other fuel cells, they do not require complicated water management schemes or the use of precious metal catalysts, thus lowering the production costs.
1,2 Despite these advantages, however, the excessively high operating temperatures, typically over 800 C, and the resulting material and cost limitations and operating complexities signicantly limit their applications only to cumbersome and immobile electricity production units (e.g., stationary power plants and uninterruptible power supply units).
In an effort to reduce the operating temperature (<600 C), thin-lm-based SOFCs composed of a dense thin lm of solid oxide electrolyte between porous electrode lms have been actively studied over the past years. [3] [4] [5] [6] [7] The use of a thin electrolyte membrane can substantially reduce the ohmic resistance, and a nanostructured thin-lm electrode can also accelerate electrochemical reactions. Consequently, a number of researchers demonstrated thin-lm SOFCs with decent power density levels, in some cases around 1 W cm À2 even at temperatures as low as 450 C. 4, 6 Thus far, most thin-lm-based SOFCs reported in the literature have been fabricated in the form of free-standing membranes on Si wafers through microfabrication processes which generally include thin-lm deposition, photolithographic patterning, and chemical etching steps. However, in this architecture, scaling up remains a signicant challenge because large-area free-standing membranes are highly susceptible to mechanical failure at elevated temperatures (e.g., buckling and/or fracturing).
Recently, in this regard, researchers have deposited membrane electrode assemblies directly onto a porous support which is mechanically robust, chemically resistant, and suitable for scaling up.
8 Among several promising support materials such as patterned nickel foil, porous cermet or machined glass ceramics, 9-11 the anodic aluminum oxide (AAO) template has gained a considerable amount of attention because it is inexpensive, easy to manufacture over a large area, and even offers precise control of the pore size.
12,13 Furthermore, AAO templates are chemically stable under redox cycling conditions at elevated temperatures, in contrast to typical Ni metal or cermet materials.
14 However, at present, a key technical issue preventing the use of the AAO template as a porous support material for thin-lm SOFCs is the lack of the electrical conductivity of AAO itself and the ensuing difficulty in current collection through electrode. This is particularly important because in the structure in which the electrode is sandwiched between the electrolyte and the support, referred to the ASE (AAO-supporting electrode), there is no room for an additional current collector (see Fig. 1 ).
15
Ni can be a good choice for an ASE material; it is a good electronic conductor and a favorable catalyst for hydrogen electro-oxidation -a typical fuel cell anode reaction. More importantly, it is cheap and earth-abundant, in contrast to precious metals (e.g., Pt or Pd, the state-of-the-art electrode material for thin-lm SOFCs). 16, 17 However, although the problem of Ni oxidation, which arises during typical operating conditions and which was a main obstacle to the use of Ni, has recently been solved by system-level solutions such as gas recirculation and/or partial oxidation, 18 few studies in the literature report attempts to use porous Ni lms as an ASE for low-temperature SOFCs (LT-SOFCs). Previously, we successfully fabricated submicron-thick Ni ASEs by means of DC sputtering and conrmed their feasibility for thin-lm-based SOFCs at a target operating temperature of approximate 500 C.
19,20
However, these studies were performed under arbitrarily selected deposition conditions and lm microstructures. To the best of our knowledge, there is no systematic study of the relationship between the deposition conditions, microstructures, and electrode performances of Ni ASEs for LT-SOFCs. In this work, we fabricated submicron-thick porous Ni lms on an AAO template with a pore size of $60 nm as an ASE by DC sputtering and controlled their effective electrical conductivity and microstructure by varying the deposition pressure and time. By examining the effective electrical conductivity change of the Ni thin lm under different deposition pressures, the optimal deposition pressure of 4 mTorr (Ar) was initially selected. We then investigated how the morphology of the Ni thin lm ASEs varied with the thickness and how the sheet resistance and gas permeability changed accordingly. Finally, we fabricated a full cell with the following composition: AAO support|Ni ASE|yttria-stabilized zirconia (YSZ) electrolyte|Pt cathode. Subsequently, we evaluated the change in both the inplane ohmic and polarization resistance values of the Ni ASEs according to the thickness by AC impedance spectroscopy (ACIS). It was found that thicker lms have better current collecting capacities whereas thinner ones show improved gas permeability and better electrochemical catalysis. Based on the consideration of these tradeoffs with regard to cell dimension and area specic resistance (ASR) values, we suggest a means of fabricating affordable high-performance electrodes for LT-SOFCs.
Experimental

Sample preparation
The 10 Â 10 mm square-shaped, 100 mm-thick AAO templates (Synkera Technologies, USA) with a pore size of $60 nm and a volumetric density of $13% were used as the supporting structure for Ni thin lms. Prior to Ni deposition, they were heattreated at 700 C and then ultra-sonicated in acetone. Porous Ni lms were deposited by DC magnetron sputtering (A-Tech System, Korea), at a DC power of 100 W, from a three-inch diameter metallic target of highly pure Ni (Taewon Scientic, Korea). The total chamber pressure during deposition was varied in a range between 4 and 48 mTorr aer pumping the background pressure down to less than 1 Â 10 À3 mTorr. Samples with a full cell structure (AAO|Ni|YSZ|Pt) were fabricated by the subsequent deposition of a dense YSZ thin lm and a porous Pt thin lm with a stainless steel (SS) shadow mask (8 Â 8 mm 2 for YSZ and 1 Â 1 mm 2 for Pt) by RF and DC sputtering, respectively.
Highly pure metal targets of Zr 0.84 Y 0. 16 and Pt were used. The sputtering was undertook in a power of 200 W and a deposition pressure of 5 mTorr and 50 mTorr, respectively for YSZ and Pt. Ar was used as the working gas in sputtering. For YSZ deposition, O 2 used as an oxidizing agent was additionally introduced into the chamber at a volumetric ratio of 8 : 2 Ar to O 2 .
Physical and chemical characterization
The microstructure of Ni thin lms were characterized by eld emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Japan) and transmission electron microscopy (TEM, Tecnai G 2 F30 S-Twin, FEI, Netherlands). Four-point probe method was taken using a multimeter (Keithley 236, Tektronics, USA) and a 1 mm tip-spacing probe (M4P 205, MS-Tech, Korea) in ambient air.
Gas permeability experiment
H 2 permeation tests were performed by placing Ni ASEs into a custom-designed SS holder and sealing them with Si paste (CP 4010, Aremco Products, USA). Here, the concentration of permeated H 2 was measured by quadrupole mass spectrometry using a GSD 320 O1 instrument (Pfeiffer Vacuum, Germany), while the chamber pressure was kept constant at 1 Â 10
À3
mTorr by turbo pumping. 21 The ow rate of H 2 was controlled to the values correspond to stoichiometry range of 1.5-3.5 (e.g., 12.6 sccm of H 2 at a stoichiometry of 1) at 1 A cm À2 in consideration of its volumetric density at a target operating temperature of 500 C, while maintaining the entire ow rate of 100 sccm balanced with Ar gas. The ion current intensities arising from the H 2 concentrations of collected mixtures became steady in 300 s for all samples.
Analysis of ohmic and polarization resistances
The spreading resistances of YSZ-coated Ni ASEs were measured by a multimeter (NI 9206, National Instruments, Korea) with four Ag-coated Cu wires under H 2 atmosphere at 500 C.
For polarization resistance measurements, full cells of AAO|Ni|YSZ|Pt were placed in a custom-designed SS holder, sealed by Si paste, and then annealed in a chamber equipped with U-shaped 6 kW halogen lamps at temperatures of 450 C and 500 C under 25 sccm H 2 /air atmospheres. ACIS (1260A/ 1287A, Solartron Analytical, UK) was conducted in the frequency range 2 Hz-2 MHz with a AC amplitude of 50 mV at both open circuit voltage and 0.5 V-biased conditions.
Results and discussion
Effective electrical conductivity of Ni ASE vs. the deposition pressure
Due to the electrical insulating nature of the AAO support, a metallic lm with excellent electrical conductivity is required for large-area current collection and to reduce the ASE sheet resistance through it. For this reason, we initially conrmed the change in the effective electrical conductivity of Ni thin lms with the deposition pressure. Fig. 2a shows how the effective electrical conductivity of both dense and porous Ni lms deposited on a 300 nm-thick SiO 2 -coated single-crystal polished Si substrate and an AAO template, respectively, changes with the deposition pressure. It was observed that as the deposition pressure decreases, the effective electrical conductivity of the Ni lms continuously increases. For example, the effective electrical conductivity of the Ni lm deposited on Si at 48 mTorr is approximately 50 times lower than the bulk value of 14.3 Â 10 4 S cm À1 , but when the deposition pressure is lowered to 4 mTorr, the value greatly rises to 3.5 Â 10 4 S cm À1 (Fig. 2a) . It should be noted that when the deposition pressure is less than 4 mTorr, severe delamination of the Ni lm occurs. For this reason, these conditions are not considered in this study. The change in the effective electrical conductivity according to the deposition pressure can be understood as a change in the grain boundary density and the degree of partial oxidation of Ni lms.
22-26 Fig. 2b exhibits FE-SEM top-view images of dense Ni thin lms deposited on Si at two different deposition pressures (4 and 48 mTorr). It is clear that a higher deposition pressure level leads to a smaller size of the Ni grains with more grain boundaries. Given that electrons are scattered by the presence of grain boundaries in a metal, the effective electrical conductivity is expected to decrease with the deposition pressure, which is consistent with our observations.
Turning to the porous Ni lms on the AAO support, a similar correlation was observed between the effective electrical conductivity and the deposition pressure with a maximum effective electrical conductivity of 0.8 Â 10 4 S cm À1 at 4 mTorr.
However, the absolute values of the effective electrical conductivity are generally lower compared to those of the dense lms, likely due to the poor connectivity of the porous columnar lms. Fig. 2c shows FE-SEM top-view images of porous Ni lms on AAO at deposition pressures of 4 and 48 mTorr. Both lms have a well-arrayed porous microstructure, resembling the topology of the AAO template. In particular, we observed that reducing the deposition pressure causes Ni to be more conformably deposited and improves the connectivity between the Ni columns. Ultimately, 4 mTorr was selected as the deposition pressure at which the effective electrical conductivity was maximized in this study.
Morphology and gas permeability of Ni ASE vs. the thickness
As the deposition time increases, the Ni column thickens and its radius increases. At the same time, the contact between the surrounding Ni columns is increased accordingly. Fig. 3a shows a TEM cross-sectional image of Ni lm deposited onto AAO. Inversely conical-shaped Ni columns with an inclination angle (q) of approximate 4 to 6 from the vertical direction can be observed. This inclined growth is mainly due to the shadowing effects stemming from the deviation between the incidence direction to the AAO pore wall and the perpendicular direction to the substrate. 27 To make continuous electrical pathways, the Ni lm should be thick enough such that the neighboring Ni columns are intimately connected. On the other hand, if the thickness of the deposited Ni lm is too thick, it will cover most of the AAO surface and will not easily permeate the gas. Indeed, we geometrically calculated the thickness of a thin lm which can completely cover 60 nm diameter pores with inclination angles of 4 to 6 , that is, between 285 and 430 nm. As shown in Fig. 3b , only small gas channels were detectable for the 300 nmthick Ni ASE, while in the case of the 400 nm-thick lm, nearly the entire surface of the AAO template is covered by Ni. In this regard, the gas permeability through Ni ASE was quantitatively measured, as discussed below. The gas permeability of an electrode is a key factor in determining the current density and thus the power density of fuel cells. This is especially important for thin-lm fuel cells, with which it is difficult to deliver fuel at high pressure. Here, we undertook a mass spectrometry analysis to determine how the H 2 permeability changes with the thickness of the Ni ASE (Fig. 4a) . Fig. 4b shows a plot between input and leakage ow rates according to the thickness. The 100 nm-thick Ni ASE exhibits permeation behavior nearly identical to that of a bare AAO template at all supply levels, indicating that sufficient pore channels are present. On the other hand, as the lm thickens, the amount of gas passing through the Ni ASE is appreciably reduced, as previously predicted from the TEM imaging result. Finally, no hydrogen was detected in the 400 nm-thick Ni ASE. The average permeation yield, dened as the ratio of leakage ow rate and input ow rate, is greater than 0.8 for Ni ASEs up to 200 nm-thick but drops sharply to 0.3 at 300 nm (Fig. 4c) . Therefore, in this study, the maximum apparent thickness of the Ni ASE was set to 250 nm for sufficient gas permeation.
3.3
In-plane ohmic and polarization resistances of Ni ASE vs. the thickness Next, we measured the electrical resistance of the Ni ASE in the in-plane direction at 500 C according to the lm thickness before/aer depositing the YSZ electrolyte (Fig. 5a) . The values of in-plane ohmic resistance and effective electrical conductivity of the Ni ASEs, measured between 50 and 250 nm, the lower and upper limits of the aforementioned Ni thickness, are shown in Fig. 5b . It can be seen that the in-plane ohmic resistance decreases as the Ni ASE thickness increases. It is natural that the resistance value of the thin lm is inversely proportional to the thickness. However, in this case, as the thickness increases, the effective electrical conductivity also increases such that the overall resistance decreases more sharply from the linear tendency. It should be noted that the resistance value of Ni ASE was fairly stable at 500 C at all measured thicknesses (Fig. 5c ).
This is most likely due to the increased sintering resistance of the constrained Ni lm between the AAO and YSZ. The polarization resistances of the Ni ASEs with thicknesses of 100 and 250 nm were also measured aer fabricating a full cell of AAO|Ni|YSZ|Pt at both 450 and 500 C under H 2 /air atmospheres (see Fig. 6a , S1 and S2 †). The selected ACIS results obtained at 450 C are presented in Fig. 6b . The overall impedance spectra, plotted in Nyquist form, are largely determined by a very large, slightly distorted semicircle at low frequencies. On the other hand, and there is a small amount of off-set resistance and one semicircle in the high-frequency region, mainly due to the combination of the YSZ ionic resistance and the Ni sheet resistance, and the YSZ grain boundary resistance, respectively. 28 Indeed, the dielectric constant values calculated in the capacitive part of the high-frequency impedance are in good agreement with those of the nanocrystalline YSZ grain boundary, as reported in the literature. 29, 30 Focusing on the main impedance arc at low frequencies, the resistance value varies greatly with the applied voltage, and the capacitance value itself is very large, which indicates a general electrode reaction. Accordingly, this impedance response was Fig. 5 (a) A schematic image showing a dual-chamber system with a multimeter for measuring the spreading resistance of Ni ASE, (b) effective electrical conductivity and in-plane ohmic resistance of Ni ASEs (50-250 nm-thick) according to thickness measured at 500 C, and (c) changes in the normalized conductance of Ni ASE (100 nm-thick) and YSZ-coated Ni ASEs (100-250 nm-thick). modelled using two RQ sub-circuits of Fig. 6c (i.e., with each representing the anode and the cathode), where Q is a constantphase element with impedance Z Q equal to 1/Q(iu) n , n is a constant, and u is the frequency. As shown in Fig. 6d and e, only one of the two RQ sub-circuits (the one at a higher frequency) changes sensitively according to the thickness of the Ni lm. Accordingly, we concluded that the higher frequency arc is attributed to the anode impedance response. Indeed, considering that the hydrogen electro-oxidation at Ni/YSZ electrode is faster than the oxygen electro-reduction at Pt/YSZ, it is common for anode impedance spectra to appear at higher frequencies than cathode ones in general. For conr-mation, we carefully fabricated lithographically patterned Ni/ YSZ and Pt/YSZ thin-lm electrodes and measured their electrochemical impedance spectra under the conditions similar to this study ( Fig. S3 and Table S1 †). We observed that the hydrogen electro-oxidation of the symmetric Ni|YSZ|Ni cell is faster than the oxygen electro-reduction of the Pt|YSZ|Pt cell more than by a factor of~7. Furthermore, the electrolyte-area normalized double layer capacitance of the Ni|YSZ|Ni cell is smaller than that of the Pt|YSZ|Pt cell around 10 times. Taking all above mentioned into account, the red arcs at higher frequencies can be thought of the Ni anode response. Therefore, we could extract the polarization resistance of Ni ASE rationally. In fact, this tting result is consistent with our previously reported result. 19 Hence, it can be seen that the electrode polarization resistance decreases as the Ni ASE thickness decreases. For example, the polarization resistance of the 100 nm-thick NI ASE is approximately two times smaller than that when the thickness is 250 nm. This is most likely due to the shape of the Ni columns, which have a larger radius as the thickness increases, and the resulting decrease in the triple phase boundary length near the Ni/YSZ interface.
Total ASR of Ni ASE vs. the thickness
Interestingly, as the thickness increases, the in-plane ohmic resistance of Ni ASE decreases, but at the same time, the polarization resistance increases. This trade-off can be used to predict the optimal Ni ASE thickness by careful consideration of the cell area. Based on the numerical values obtained in this study, Fig. 7 shows how the values of the ohmic and polarization ASR vary according to the cell area at thicknesses of 100 nm and 250 nm, respectively, at 500 C. For the ohmic part of the ASR of the Ni ASE, the value increases as the cell area increases, and the thinner the lm, the more rapidly the value increases (Fig. 7a) .
On the other hand, with regard to the polarization ASR, the value is constant regardless of the cell area, and the Ni ASE with a thickness of 100 nm has a smaller value than that with a thickness of 250 nm (Fig. 7b) . In this study, because the ohmic and polarization ASRs were measured separately, the sum of the two could be calculated for the thickness and area of the Ni electrode. Accordingly, it was found that when the cell area is smaller than $370 mm 2 , the 100 nm-thick Ni ASE has better electrode performance than the 250 nm-thick Ni ASE, whereas the opposite is true when the area exceeds $370 mm 2 (Fig. 7c ).
This is due to the inherent limitations of the ASE, which makes it difficult to collect current in the in-plane direction. That is, the sheet resistance of the ASE is very important for improving the electrode performance. We believe that the conclusions of this study provide the key information needed to design a highperformance thin-lm-based SOFC on a large scale. Furthermore, the systematic strategy of selecting deposition conditions and cell dimensions utilized in this study can be applied to various microelectromechanical systems-based electrical and electrochemical devices.
Conclusions
In this study, we have systematically investigated the morphological, electrical and electrochemical properties of Ni thin-lm electrodes supported on an AAO template according to deposition conditions with the goal of realizing a high-performance LT-SOFC. The microstructure, effective electrical conductivity, H 2 gas permeability and ohmic and polarization resistances of Ni ASE were greatly inuenced by the deposition pressure and lm thickness. Furthermore, the ohmic and polarization resistances of the Ni ASE changed in opposite directions depending on its thicknesses. Due to the difficulty in locating the current collector, it was found that as the cell area increased, the smooth current ow in the in-plane direction became even more important in the Ni ASE. Through these observations, we successfully specied the deposition conditions to achieve the optimal electrode performance at the given cell dimensions.
